The prognosis of pancreatic cancer remains dismal, with little advance in chemotherapy because of its high frequency of chemoresistance. Metformin is widely used to treat type II diabetes, and was shown recently to inhibit pancreatic cancer stem cell proliferation. In the present study, we investigated the role of metformin in chemoresistance of pancreatic cancer cells to gemcitabine, and its possible cellular and molecular mechanisms. Metformin increases sensitivity of pancreatic cancer cells to gemcitabine. The mechanism involves, at least in part, the inhibition of CD133 + cells proliferation and suppression of P70S6K signaling activation via inhibition of ERK phosphorylation. Studies of primary tumor samples revealed a relationship between P70S6K signaling activation and the malignancy of pancreatic cancer. Analysis of clinical data revealed a trend of the benefit of metformin for pancreatic cancer patients with diabetes. The results suggested that metformin has a potential clinical use in overcoming chemoresistance of pancreatic cancer.
. Gemcitabine was recommended by the National Comprehensive Cancer Network (NCCN) guidelines as the first first-line drug for chemotherapy of pancreatic cancer 6 ; however, its efficacy is dismal 7, 8 , which is partly because of the chemoresistance of pancreatic cells. Recently studies showed that a subpopulation of pancreatic cells that expressed CD133
+ has characteristics of cancer stem cells, and these cells were hypothesized to play a key role in chemoresistance [9] [10] [11] . In our previous study, we showed that metformin selectively inhibited the proliferation and invasion of the CD133 + subpopulation of pancreatic cancer cells 12 . Thus, metformin may have the capacity to attenuate the chemoresistance of pancreatic cancer cells to gemcitabine.
Here, we showed that metformin enhanced the capacity of gemcitabine to inhibit the proliferation and invasion of pancreatic cancer cells, by inhibiting the proliferation of CD133 + cell populations. Phosphorylation of P70S6K, one of the two major direct targets of mTOR signaling
Results

CD133
+ pancreatic cancer cells have a higher capacity to resist gemcitabine. To investigate the effect of gemcitabine on the proliferation of different subpopulations of pancreatic cancer cells, we conducted CCK-8 assays and flow cytometry assay using AsPC-1 and SW1990 cells. The cells were treated with 300 nM gemcitabine for 48 h. As shown in Fig. 1A ,B and Supplementary Table S1 , gemcitabine treatment resulted in significant inhibition of cell proliferation of both AsPC-1 and SW1990 cells, with an increase of the proportion of CD133 + cells, which suggested that CD133 + cells have a higher capacity to resist gemcitabine.
We next measured the relative mRNA levels of pluripotency marker genes of cancer stem cells, c-Met, Sox2 and Oct4, in CD133 − and CD133 + pancreatic cancer cells. As shown in Fig. 1C , the c-Met, Sox2 and Oct4 mRNA expressions in CD133 + cells were significantly higher than those in CD133 − cells, which suggested that CD133
+ cells have characteristics of cancer stem cells. The CD24
+ cells, which was also documented to be with characteristics of cancer stem cells, didn't show high capacity to resist gemcitabine (Supplementary Figure S1) .
Metformin enhanced the sensitivity of pancreatic cancer cells to gemcitabine. To investi-
gate the effect of metformin on the sensitivity of pancreatic cancer cells to gemcitabine, we conducted trypan blue assays and Transwell invasion assays using AsPC-1 and SW1990 cells. Figure 2A shows that metformin alone (0.1 to 1 mM) did not inhibit the survival of pancreatic cancer cells. However, when combined with gemcitabine, metformin inhibited the survival of pancreatic cancer cells. Figure 2B shows that metformin enhanced the capacity of gemcitabine to inhibit invasion of pancreatic cancer cells.
Trypan blue assays, flow cytometry and sphere culture of Panc-1-GR1 cells were conducted to investigate the role of metformin on gemcitabine-resistant pancreatic cancer cells. As shown in Fig. 2C , 1 mM metformin significantly inhibited the proliferation of gemcitabine-resistant pancreatic cancer cells. Figure 2D shows that the proportion of CD133 + cells was much higher in Panc-1-GR1 cells than in Panc-1 cells, suggesting the enrichment of pancreatic cancer stem cells. After treatment with 1 mM metformin, the proportion of CD133 + cells decreased significantly in Panc-1-GR1 cells. Figure 2E shows the sphere culture of Panc-1-GR1 cells. Metformin at 1 mM significantly inhibited the formation of cancer stem cell spheres.
To investigate the effect of metformin on pancreatic cancer in vivo, xenograft experiments using nu/nu mice were conducted. Mice were injected subcutaneously with 1 × 10 7 Panc-1-GR1 pancreatic cancer cells on their left flank. For mice treated with metformin, the amount of drug diluted in their drinking water was equivalent to a human dose of 20 mg/kg by normalization to surface area. Both the gemcitabine treatment and the metformin treatment began at the time of injection with the pancreatic cancer cells. Mice were sacrificed 4 weeks after they were injected with pancreatic cancer cells. The growth of the pancreatic cancer xenografts was significantly inhibited by metformin treatment (Fig. 2F) .
Malignancy of pancreatic cancer is associated with the activation of P70S6K signaling. Immunohistochemistry and reverse phase protein array (RPPA) analysis were performed to analyze the correlation between the histological grade of pancreatic cancer and phospho-P70S6K (p70 S6 Kinase, Thr389). Immunohistochemistry of phosphor-P70S6K was conducted on 136 samples of pancreatic cancer from Union Hospital, Wuhan, of which 28 were well differentiated, 70 were moderately differentiated and 38 were poorly differentiated. Immunohistochemistry revealed that high expression of phospho-P70S6K was associated with high histological grade of pancreatic cancer (Fig. 3A) . The RPPA data for pancreatic cancer were downloaded from TCGA Research Network. RPPA analyses were conducted from tumor protein lysates of 74 tumor samples, of which 10 were well differentiated, 43 were moderately differentiated and 21 were poorly differentiated. Of the 193 proteins analyzed, only four proteins were significantly associated with the histological grade of pancreatic cancer (P < 0.05); i.e. c-Myc, phospho-AMPK, eIF4E and phospho-P70S6K (Supplementary Table S2 ). Figure 3B Metformin inhibited phosphorylation of P70S6K by inhibition of ERK1/2 activation. As shown in Fig. 4A , gemcitabine alone significantly increased the phosphorylation of P70S6K in both AsPC-1 and SW1990 pancreatic cells. When combined with metformin, the phosphorylation of P70S6K induced by gemcitabine was significantly reduced.
RPPA analysis of 74 pancreatic cancer samples was conducted to determine the relationship between P70S6K phosphorylation and ERK1/2 or AMPK phosphorylation. As shown in Fig. 4D , P70S6K phosphorylation was associated with ERK1/2 phosphorylation (P = 0.02); however, P70S6K phosphorylation did not correlate with AMPK phosphorylation in pancreatic cancer.
To identify possible molecular determinants of the effects of metformin on phosphorylation of P70S6K, we evaluated the activation of AMPK and ERK, which might be involved in these effects. As shown in Fig. 4B , gemcitabine alone significantly increased the phosphorylation of ERK1/2 in both AsPC-1 and SW1990 pancreatic cells. AMPK phosphorylation did not increase or decrease in AsPC-1 cells or in SW1990 cells. When combined with metformin, the phosphorylation of ERK1/2 induced by gemcitabine was significantly reduced, while phosphorylation of AMPK was enhanced in SW1990 cells, but not in AsPC-1 cells.
We next transfected gemcitabine-resistant Panc-1-GR1 pancreatic cancer cells with siRNA targeting ERK1/2. As shown in Fig. 4C , ERK1/2 knockdown inhibited the phosphorylation of P70S6K. , 2014 were followed up. Of these patients, 47 received metformin treatment, while the other 57 did not. As shown in Fig. 6 , the median overall survival time was 12.0 months for the non-metformin group, and 13.0 months for the metformin group. The mean survival time was 16.6 months for the non-metformin group, and 20.7 months for the metformin group. The metformin group showed a trend of having better survival compared with the non-metformin group, although the difference between the two groups was not statistically significant.
Discussion
The findings of the present study indicated that metformin increases sensitivity of pancreatic cancer cells to gemcitabine and may benefit patients with pancreatic cancer that receive gemcitabine after pancreatic Expressions of proteins were evaluated by western blotting and the results were quantified using ImageJ V.1.46r (National Institutes of Health). Significant decreases in phospho-P70S6K expression were observed in the metformin treated cells.
The relationship between phospho-P70S6K and phospho-ERK1/2 or phospho-AMPKα using reverse phase protein array (RPPA) analysis (n = 74). The expression of phospho-P70S6K was associated with phospho-ERK1/2 (P = 0.02), but not with phospho-AMPKα (P = 0.14). (C) pancreatic cancer cells were treated with 300 nM gemcitabine only or with 1 mM metformin for 4 hours. Expression of proteins were evaluated by western blotting and the results were quantified using ImageJ V.1.46r. Significant increase in phospho-ERK1/2 expression were observed in the gemcitabine treated cells, which was inhibited by treatment with metformin. A significant increase in phospho-AMPKα expression was observed in the metformin treated SW1990 cells, but not in AsPC-1 cells. cancer resection. The analysis of the cellular and molecular mechanism suggested that the reduction of CD133 + cell populations and inhibition of P70S6K signaling activation play important roles. Treating pancreatic cancer is difficult because of its high frequency of recurrence, metastasis and resistance to chemotherapies. Gemcitabine is the first-line drug for chemotherapy of pancreatic cancer, according to the NCCN clinical practice guidelines in oncology; however, the 5-year survival was only about 10% after pancreatic cancer resection in patients who received gemcitabine treatment for local recurrence and distant metastasis 15 . Recent studies suggested that cancer stem cells are the culprits in tumor relapse and the cause of chemotherapy failures [16] [17] [18] . To overcome chemoresistance and improve the outcome of pancreatic cancer, pancreatic cancer stem cells should be targeted effectively. Recently, metformin was reported to target cancer stem cells in various cancer types 19, 20 . Metformin is the most frequently prescribed antidiabetic drug for type II diabetes 21 . Diabetes and pancreatic cancer have a complex relationship. Long-term diabetes is a risk factor for pancreatic cancer. On the other hand, patients with pancreatic cancer are often diagnosed subsequently with diabetes. The prevalence of diabetes or impaired glucose tolerance in patients of pancreatic cancer can be up to 80% 22 . Interestingly, metformin must be actively transported into cells by the transmembrane protein organic cation transporter 1 and 2, and these proteins are highly expressed in pancreatic cancer cells 23 . A case control study by Li et al. focusing on the effect of antidiabetic therapies on the risk of pancreatic cancer, demonstrated that metformin significantly decreased the risk of pancreatic cancer, with an odds ratio of 0.38 24 . We have documented previously that metformin selectively inhibits pancreatic cancer stem cell proliferation and has anticancer action 25 . Thus, we hypothesized that metformin may increase the sensitivity of pancreatic cancer to gemcitabine by targeting pancreatic cancer stem cells.
Initially, we analyzed whether CD133 + pancreatic cells, which have characteristics of cancer stem cells, are resistant to gemcitabine treatment. A combination analysis of total cell viability and CD133 + cell proportion indicated that CD133
+ pancreatic cancer cells are resistant to gemcitabine treatment. We then analyzed the role of metformin on gemcitabine resistance in pancreatic cancer. Metformin alone at 1 mM had almost no effect on the proliferation of pancreatic cancer cells, but did inhibit the proliferation of pancreatic cancer cells significantly when combined with gemcitabine. Furthermore, metformin significantly enhanced the capacity of gemcitabine to inhibit the invasion of pancreatic cancer cells.
To further investigate the role of metformin on the stemness of pancreatic cancer stem cells, which should play an important role in gemcitabine resistance, we subcultured Panc-1 pancreatic cancer cells in increasing concentrations of gemcitabine to generate gemcitabine-resistant Panc-1-GR1 cells. The increase of the proportion of CD133
+ cells in Panc-1-GR1 cells indicated the enrichment of pancreatic cancer stem cells in gemcitabine-resistant cells. The inhibition of Panc-1-GR1 cell proliferation and the decrease in the proportion of CD133 + cells by metformin confirmed its potential to increase sensitivity of pancreatic cancer to gemcitabine. Previously, we established a pancreatic cancer stem cell sphere-formation assay 26 . Sphere-formation is an index of the self-renewal of cancer stem-like cells. This assay was used to test the effect of metformin on Panc-1-GR1 cells. The self-renewal capacity of gemcitabine-resistant pancreatic cancer cells was significantly reduced by metformin treatment. The xenograft experiments using nu/nu mice also confirmed our findings.
Although metformin has been widely used to treat diabetes for decades, the molecular mechanism of its actions has not been elucidated completely. Most studies suggest that metformin acts through its effect on mTOR and MAPK signaling activation for anticancer actions in pancreatic cancer. Metformin inhibits mTOR and MAPK activation through both AMPK dependent 27, 28 and AMPK independent [29] [30] [31] pathways. AMPK-induced activation of p53 32 and deregulation of miRNAs 33, 34 represent other potential mechanisms of action of metformin in pancreatic cancer. In addition, many studies suggest that metformin targets pancreatic cancer stem cells, but whether mTOR or MAPK inhibition mediates the action is still controversial [35] [36] [37] [38] . P70S6K is one of the two major direct targets of mTOR signaling that control the de novo pyrimidine synthesis and cell proliferation 13 . P70S6K signaling is also regulated by MAPK/ ERK signaling 39, 40 , and its phosphorylation has been documented to be an independent prognosticator for patients with esophageal squamous cell carcinoma recently 41 . We analyzed the cancer genome atlas (TCGA) data of the RPPA. Results showed that phospho-P70S6K is one of the four molecules that are associated with the histological grade of pancreatic cancer. We also analyzed the relationship between histological grade of the tumor and P70S6K phosphorylation in pancreatic cancer samples form Union Hospital, Wuhan. The results also showed that P70S6K activation is associated with the histological grade of pancreatic cancer, which confirmed the result of RPPA. These results suggested that P70S6K signaling plays an important role in pancreatic malignancy. However, it must be pointed out that the P value for phospho-P70S6K (P = 0.0495) is close to 0.05, which made the result not very convincing. This may have resulted from the small sample size. We next analyzed the role of metformin on phosphorylation of P70S6K when pancreatic cancer is treated with gemcitabine. The results indicated that metformin attenuates the phosphorylation of P70S6K in pancreatic cancer, which was enhanced by gemcitabine treatment. The mechanism of this effect may be associated with the following observations: 1) metformin is a known AMPK activator 42 ; 2) metformin inhibits mTOR activation by AMPK-dependent and AMPK-independent pathways in different cancers 27, 29, 30, [43] [44] [45] [46] ; 3) ERK signaling plays important roles in chemoresistance [47] [48] [49] ; 4) gemcitabine activates ERK signaling pathway in pancreatic cancer cells 50 
; 5) metformin inhibits phosphorylation of ERK in CD133
+ pancreatic cancer cells 12 ; 6) ERK signaling regulates P70S6K signaling in hepatic and cervical carcinoma cells 39, 40 ; and 7) the RPPA data indicated an association between ERK phosphorylation and P70S6K activation in pancreatic cancer (Fig. 4B) . Therefore, we conducted western blotting to analyze the effect of metformin on AMPK and ERK phosphorylation, and conducted RNA interference to study the role of ERK phosphorylation on P70S6K activation and anticancer actions in gemcitabine-resistant pancreatic cancer cells. The results indicated that inhibition of ERK phosphorylation by metformin is at least partly mediated the inhibition of P70S6K activation and increase of sensitivity to gemcitabine in pancreatic cancer cells by attenuating CD133 + cells. mTOR signaling has emerged as a target for therapy; e also conducted a retrospective study in patients of pancreatic cancer with diabeteshowever, most clinical trials of mTOR inhibitors have been disappointing, which may be because mTOR mediated potent negative feedback loops. Carracedo et al. observed that mTOR signaling inhibition leads to ERK activation, which attenuates its action in multi type cancers, and recommend a combined therapeutic approach with mTOR and ERK signaling inhibitors 51 . This feedback was also present in pancreatic cancer 52 . Therefore, the mechanism of metformin's inhibition of P70S6K signaling activation that is mediated by inhibiting ERK phosphorylation in gemcitabine-resistant pancreatic cancer cells indicates the potential of metformin for clinical use. We also conducted a retrospective study in patients of pancreatic cancer with diabetes who underwent pancreatic cancer resection. We observed that the median survival time was 1 month longer and the mean survival time was 4.1
Scientific RepoRts | 5:14404 | DOi: 10.1038/srep14404 months longer in patients treated with metformin than in those not treated with metformin. Although not statistically significant, metformin showed a trend of beneficial effect, which confirmed the in vitro and in vivo studies. Very recently, a Korean study on 183 cases of pancreatic cancer with diabetes also showed that metformin benefits patients with pancreatic cancer undergoing chemotherapy; these results were consistant with our study 53 . In summary, we obtained experimental and clinical clues concerning the potential role of metformin in increasing sensitivity of pancreatic cancer to gemcitabine. The mechanism involves, at least in part, the inhibition of CD133 + cells proliferation and suppression of P70S6K activation that mediated by inhibiting ERK phosphorylation. The strength of this study is that the experimental findings are consistent with the clinical findings. The limitations of the study are its retrospective design, the associated bias and the small number of samples in the study in pancreatic cancer patients with diabetes who underwent pancreatic cancer resection. It has been documented that whether patients benefit from mTOR inhibitor depends on the status of mTOR activation in patients with pancreatic cancer 54 , and P70S6K has been documented to be the major direct target of mTORC1 that mediates the anticancer actions of mTOR inhibitors 14 . Thus, patients with P70S6K signaling activation should benefit more from metformin. However, the sample number of our clinical retrospective study hampered stratification by P70S6K singling activation. The findings from our study need to be confirmed in other stratified retrospective studies with sufficient samples and in prospective studies.
Materials and Methods
Ethics statement. The study involving human participants was approved by the Ethics Committee of Union Hospital, Huazhong University of Science and Technology (HUST), and informed consents were obtained from all subjects. The methods were carried out in accordance with the approved guidelines. All clinical research was performed on the basis of the principles expressed in the Declaration of Helsinki.
The animal study was approved by the Committee on the Ethics of Animal Experiments of the Union Hospital, HUST. The methods were carried out in accordance with the approved guidelines of the Committee on the Ethics of Animal Experiments of the Union Hospital, HUST.
Cell culture. We obtained AsPC-1, SW1990 and Panc-1 pancreatic cancer cells from the American Type Culture Collection. Panc-1-GR1 cells are gemcitabine-resistant cells that were generated from Panc-1 cells by subculturing through incremental increases in gemcitabine concentrations, from 0.1 to 1 μ M, for 8 weeks. All cell types are K-ras mutated. All cell types were grown in Dulbecco's modified Eagle medium (DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented 10% fetal bovine serum (FBS) (Gibco, Billings, MT, USA) and penicillin/streptomycin (Invitrogen) at 37 °C with 5% CO 2 . For cancer stem cell spheres culture, Panc-1-GR1 cells were plated in serum-free medium (SFM). The SFM was DMEM-F12 supplemented with 10 ng/mL fibroblast growth factor, 20 ng/mL epidermal growth factor, 5 μ g/mL insulin, 2.75 mg/mL transferrin, 2.75 ng/mL selenium (insulin-transferrin-selenium solution) and 0.4% bovine serum albumin. (eBioscience), Anti-CD44 PE-Cy5 (eBioscience) or Anti-ESA PE (eBioscience) were added and the sample was incubated for 30 min at 4 °C. After two washes, the proportions of subpopulation cells that expressed the different surface markers were determined using a FACSCalibur system (BD Biosciences, San Jose, CA, USA) and cell sorting of CD133 + cells was done using a FACSAria system (BD Biosciences). Side scatter and forward scatter profiles were used to eliminate cell doublets.
Cell proliferation assay. Cell proliferation assays were conducted using trypan blue and CCK-8, according to the manufacturer's instructions. Cells were seeded into a 96-well plate and cultured in 100 μ L of DMEM supplemented with 10% FBS. After 24 h, the seeded cells were treated with gemcitabine and/or metformin added to the culture medium. For the trypan blue assay, viable cells were counted after trypan blue staining at the indicated time points. For CCK-8 assay, the medium was exchanged for 110 μ L DMEM with the CCK-8 reagent at the indicated time points, and the cells were incubated for 2 h. Absorbance was measured for each well at 450 nm using an auto-microplate reader.
Cell invasion assay. A cell invasion assay was performed in a 24-well Transwell chamber (Corning, Inc., Corning, NY, USA). First, the 8-μ m pore polycarbonate membrane insert was coated with 100 μ L of Matrigel (BD Biosciences). The chambers were then placed in 24-well plates; 1 × 10 4 cells in DMEM supplemented with 0.2% FBS were plated into each upper chamber, and DMEM supplemented with 10% FBS was added to the lower chambers. After incubation at 37 °C for 48 h, cells that had invaded into the opposite side of the membrane surface were stained with crystal violet.
Western blotting. Flow cytometry sorted cells were washed in PBS and resuspended in RIPA buffer, 1 mM PMSF, 1 mM Na 3 VO 4 , and 1 × protease inhibitor cocktail for 3 min on ice. The lysate was centrifuged at 14,000 × g for 15 min at 4 °C, and the supernatant was used for western blotting. Protein lysates were boiled in loading buffer (Beyotime, Jiangsu, China), resolved by electrophoresis on 8% SDS-polyacrylamide gels, and transferred to PVDF membranes (Amersham Pharmacia Biotech, Amersham, UK). Membranes were probed overnight at 4 °C with primary antibodies recognizing ERK1/2, phospho-ERK (Thr202/Tyr204), AMPKα , phospho-AMPKα (Thr172), P70S6K, and phospho-P70S6K (Thr389) (Cell Signaling, Danvers, MA, USA), with GAPDH (Cell Signaling) as the control. Horseradish peroxidase-conjugated IgG (Beyotime) was used to detect specific proteins. Finally, immunodetection was conducted using chemiluminescent substrates (Amersham Pharmacia Biotech).
Small interfering RNA. An siRNA targeting human ERK1/2 was purchased from Cell Signaling; a scrambled siRNA was used as a negative control (NC). The cells were plated in 24-well plates and transfected using Lipofectamine 2000 (Invitrogen), according to the manufacturer's instructions.
Xenograft experiment.
Female nu/nu mice were obtained from the Experimental Animal Center of Union Hospital, Wuhan, China. For each experiment, six-week-old mice were randomly distributed into equal groups (n = 5) that were treated with gemcitabine only or with metformin. Mice were subcutaneously injected with 1 × 10 7 Panc-1-GR1 pancreatic cancer cells in the left flank. Gemcitabine was then injected intraperitoneally at 100 mg/kg twice weekly. For the gemcitabine with metformin groups, 800 mg/L of metformin was diluted in their drinking water each day. Both the gemcitabine treatment and the metformin treatment began at the time of injection with the pancreatic cancer cells. Mice were sacrificed 4 weeks after they were injected with pancreatic cancer cells. The tumors were measured and tumor volume (V) was calculated according to V = (length × width 2 )/2.
Statistical analysis. For quantitative real-time RT-PCR, flow cystometry, cell proliferation assay, cell invasion assays, western blotting, small interfering RNA assay and xenograft experiment, all experiments were performed in triplicate. Data from flow cytometry, cell proliferation assay, cell invasion assay, quantitative real-time RT-PCR, western blotting and the xenograft experiments were presented as the mean ± standard deviation, analyzed by one-way analysis of variance and then compared among groups using an unpaired Student's t-test. Immunohistochemical data were compared using a chi-squared test. Data from the reverse phase protein arrays were analyzed using a general linear model. Survival data were analyzed using survival analysis. A significance threshold of P < 0.05 was used. Data were analyzed using SPSS v.11 statistical software (SPSS, Inc.).
